Abstract Frontotemporal lobar degeneration with s pathology (FTLD-tau) is one of a group of neurodegenerative diseases that manifests with cognitive decline. Alzheimer (AD) and cerebrovascular lesions are commonly noted in the brains of most elderly individuals, begging the question as to whether (a) coexisting AD and vascular pathology or age contribute to the development of FTLDtau disorders and vice versa and (b) FTLD-tau-like pathology can be found in non-diseased individuals. We studied brains of FTLD-tau cases exhibiting (a) argyrophilc grain disease (AGD), (b) progressive supranuclear palsy (PSP), (c) corticobasal degeneration (CBD), or (d) Pick's disease (PiD) for coexisting AD and vascular pathology for comparison with that of non-diseased individuals and AD patients. We confirmed that AGD lowered the threshold for AD pathology to cause dementia. Such an effect was not seen in PSP, CBD, or PiD. In PiD, white matter degeneration and demyelination was observed in the frontal and temporal lobes in association with small vessel disease (SVD)-related changes in white matter arteries. Age at death varied among the four types of FTLD-tau. PiD cases were youngest at death followed by CBD, PSP, and finally AGD. In 9.8 % of non-diseased controls, we found grains, coiled bodies, and/or s-positive astrocytes mimicking an AGD-like pattern. Moreover, the prevalence of FTLD-tau pathology in non-diseased individuals increased with age. In summary, this study demonstrates that age impacts of the diversity of neuropathological changes in FTLD-tau. The age-related coexistence of AD-related pathology is, thereby, associated with AGD but not with PSP, CBD, and PiD. Moreover, severe SVD and white matter demyelination is associated with PiD indicating a role of vascular copathology in this type of FTLD-tau. Finally, our finding that FTLD-tau-related pathological lesions occur in non-diseased individuals suggests that preclinical stages of FTLD-tau exist. As such, our results indicate that age, together with vascular and AD-related 
Introduction
Dementia is a symptom of multiple different neurodegenerative and cerebrovascular disorders. Among the neurodegenerative disorders Alzheimer's disease (AD), with its intraneuronal aggregates of abnormal phosphorylated sprotein in neurofibrillary tangles (NFTs) and its extracellular aggregates of amyloid b-protein (Ab) in amyloid plaques, is the most frequent cause of dementia (Thies et al. 2013) . In contrast, frontotemporal lobar degeneration (FTLD) represents a heterogeneous group of dementing disorders that feature aggregates of different proteins such as the microtubule-associated protein tau s, transactive response DNA-binding protein (TDP43), or fused-in sarcoma protein (FUS) (Mackenzie et al. 2010) . FTLD subtypes characterized by s pathology (FTLD-tau) include argyrophilic grain disease (AGD), progressive supranuclear palsy (PSP), corticobasal degeneration (CBD), Pick's disease (PiD), NFT-predominant dementia, and others (Mackenzie et al. 2010) . All types of FTLD-tau may lead to dementia but PSP and CBD cases are more likely to present with motor symptoms before onset of dementia. AGD frequently co-occurs with AD-related pathology (Braak and Braak 1998a) .
AD-related pathology, vessel wall pathology, e.g., atherosclerosis (AS), cerebral small vessel disease (SVD), cerebral amyloid angiopathy (CAA), and vascular tissue lesions (brain infarction, microinfarction, and cerebral hemorrhage) are frequently found in elderly brains (Arriagada et al. 1992; Braak et al. 2011; Price et al. 1991; Thal et al. 2012 Thal et al. , 2013 . It is not clear whether there are differences regarding AD and/or vascular pathology among FTLD-tau subtypes and whether there are respective differences regarding the age range at death.
Moreover, FTLD-tau-like pathological lesions are reported in non-demented individuals exhibiting a pattern similar to AGD (Braak and Braak 1998a; Thal et al. 2005; Tolnay et al. 1997) . Recently, NFT pathology in the absence of amyloid plaques in non-demented individuals has been considered to represent a primary age-related tauopathy (PART) (Crary et al. 2014) . It is not clear whether non-diseased cases with argyrophilic grains, coiled bodies, and s-positive astrocytes may represent preclinical stages of specific FTLD-tau subtypes or whether such lesions are age related as suggested for PART.
To address these questions we studied the four most common types of FTLD-tau (AGD, PSP, CBD, and PiD) for their association with age, AD pathology, SVD, CAA, brain infarction, hemorrhage, and white matter lesions as well as for their occurrence in a collection of non-diseased individuals.
Materials and methods

Study cohort
A total sample of 373 post mortem brains of patients who died between 18 and 101 years of age (mean = 73,77 years) covering all stages of AD-related NFT and Ab pathology was investigated, including 187 non-demented elderly (age range 18-99 years), 104 AD (age range 56-101 years), 30 AGD (age range 62-98 years), 28 PSP (age range 59-92 years), 15 CBD (age range 52-86 years), and 9 PiD cases (age range 53-74 years) (Supplementary Table 1d ). All autopsy brains were collected in accordance with local ethical committee guidelines and the federal law governing the use of human tissue in Germany, the USA, and the United Kingdom. Dementia was considered when individuals clinically met the DSM-IV criteria for dementia (American Psychiatric Association 1994) as reported in the records.
Alzheimer's disease was diagnosed when dementia was observed and when the degree of AD-related neuropathology indicated at least a moderate likelihood for AD according to acknowledged criteria (Hyman et al. 2012) . PSP, CBD, and PiD were diagnosed neuropathologically in the event that clinical recordings displayed respective deficits (Dickson and Litvan 2003; Hauw and Agid 2003; Mackenzie et al. 2010) . AGD was diagnosed when clinical records reported cognitive deficits, the presence of argyrophilic grains could be confirmed neuropathologically, and the amount of AD-related pathology, vascular pathology, or any other kind of pathology failed to explain these cognitive deficits (Josephs et al. 2008; Thal et al. 2005) .
Cases without neurological or psychiatric symptoms in their history were considered as control cases for the symptomatic diseases. Non-diseased cases exhibiting ADrelated s-lesions as well as amyloid plaques and vascular pathology were classified as controls with preclinical AD pathology (p-preAD) (Thal et al. 2013) . Control cases exhibiting NFTs in the absence of amyloid plaques were considered to represent definite PART (Crary et al. 2014) . Likewise, FTLD-tau-like lesions such as argyrophilic grains, coiled bodies, s-containing astrocytes of different morphologies, and ballooned neurons in non-diseased cases were noted as FTLD-tau-related pathology.
Neuropathology and immunohistochemistry
The brains of all individuals were fixed in a 4 % aqueous formaldehyde solution for at least 3 weeks before undergoing neuropathological evaluation. Tissue blocks covering the regions listed in Table 1 were excised and embedded in paraffin or polyethylene glycol (PEG; MerckSchuchardt, Hohenbrunn, Germany). The paraffin sections were cut at 10 lm, whereas the PEG blocks were sectioned at 100 lm. Paraffin sections were stained with hematoxylin and eosin (H&E) for general pathological assessment, PEG sections with aldehyde fuchsin-Darrow red, CampbellSwitzer silver staining to detect amyloid plaques and white matter demyelination, and Gallyas silver staining to visualize NFTs and neuritic plaques (NPs) (Braak and Braak 1991a) . The Elastica van Gieson staining technique was used to document SVD-related lesions ( Table 2) .
The presence or absence of brain infarcts was recorded dichotomously for each case. Gross infarcts, lacunar infarcts, and microinfarcts were considered as infarcts being present. Likewise, intracerebral hemorrhages of all sizes were considered and rated dichotomously as presence of hemorrhage. Microbleeds, i.e., bleedings restricted to the perivascular space, were not considered.
Immunohistochemistry was performed with antibodies listed in Table 2 to stain amyloid plaques, NFTs, NPs, and non-AD s pathology as recommended by Brain Net Europe (Alafuzoff et al. 2008a (Alafuzoff et al. , b, 2006 . Primary antibodies were detected with biotinylated secondary antibodies and the ABC complex (Vectastain: Vector Laboratories, Burlingame, CA, USA). This reaction was subsequently visualized with 3,3-diaminobenzidine (DAB). Immunolabeled paraffin sections were counterstained with hematoxylin. Positive and negative controls were included to confirm immunostaining results. Ab phases as determined in the medial temporal lobe (Thal et al. 2000) , NFT stages (Braak et al. 2006; Braak and Braak 1991b) , and CERAD scores for NP pathology (Mirra et al. 1991 ) were used to determine the level of AD pathology according to recently published guidelines (Hyman et al. 2012) . FTLD-tau pathology was determined and classified as previously described (Braak and Braak 1998a; Dickson and Litvan 2003; Hauw and Agid 2003; Mackenzie et al. 2010) . Since reliable neuropathological staging systems for CBD, PSP, and PiD are not available we determined only presence or absence of AGD to compare the data for all four FTLD-tau diseases in a similar dichotomous manner. Therefore, stages of AGD (Saito et al. 2004) were not determined for this study. SVD was classified morphologically based on H&E-stained sections. The expansion of SVD was staged according to previously published criteria (Thal et al. 2003) . CAA was detected by anti-Ab immunohistochemistry. The severity of CAA was determined according to the Vonsattel criteria (Vonsattel et al. 1991) . The type of CAA based on the capillary involvement was determined as previously described (Thal et al. 2002) . The presence or absence of infarcts and microinfarcts as well as hemorrhages was assessed. Severe white matter lesions seen in H&E-stained sections and/or in Campbell-Switzer-stained sections were documented.
Statistical analysis
To identify differences in the extent of AD-related pathology, vessel pathology, and that of vascular lesions among AGD, PSP, CBD, PiD, AD, and control brains we used analysis of variances (ANOVA) corrected for multiple testing with the Games-Howell post-hoc test and multinominal logistic regression analysis controlled for age and gender. The detailed statistical analysis is shown in Supplementary Table 1 .
Results
Cerebral vessel pathology and vascular lesions in FTLD-tau and AD SVD was found in all forms of FTLD-tau as well as in AD and healthy control cases (Fig. 1) . PiD usually exhibited widely distributed SVD fulfilling the criteria of SVD stage 3 (Thal et al. 2003) . When controlled for age and gender, PiD cases had higher SVD stages than non-diseased controls whereas AGD, PSP, CBD, and AD cases did not show significantly higher stages of SVD than non-diseased controls ( Fig. 1c; ''Statistical analysis'': Supplementary Table 1) .
The severity of CAA distribution in AD cases was higher than that in healthy controls, AGD, PSP, CBD, or PiD cases ( Fig. 1d ; ''Statistical analysis'': Supplementary Table 1 ). In contrast, no significant differences in the severity of CAA were observed between healthy controls and AGD, PSP, CBD, and PiD. Capillary CAA indicating the presence of CAA-type 1 as previously published (Thal et al. 2002) was strongly associated with AD whereas only few healthy controls exhibited CAA-type 1. FTLD-tau cases did not differ significantly in the prevalence of CAAtype 1 and 2 cases from non-diseased controls ( Fig. 1e ; ''Statistical analysis'': Supplementary Table 1) .
Brain infarctions were present in 22.3 % of healthy controls, in 26.7 % of AGD, 23.1 % of PSP, 33.3 % of CBD, 33.3 % of PiD, and 23.3 % of AD cases without significant differences among the groups ( Fig. 1f ; ''Statistical analysis'': Supplementary Table 1) . Hemorrhage was seen in 10.1 % of the controls, in 16.7 % of AGD, 3.8 % of PSP, 20 % of CBD, 0 % of PiD, and 7.8 % of AD cases. Although none of our 9 PiD cases showed signs of hemorrhage ( Fig. 1g ; ''Statistical analysis'': Supplementary Table 1), the sample of PiD cases may not be representative in this matter as the frequency of hemorrhage in control cases was 10.1 % indicating that the statistical power of the PiD group (0.085) was too small to draw conclusions regarding the prevalence of hemorrhage in the PiD cases in our sample.
White matter lesions were found in relation to SVD in control, FTLD-tau, and AD cases. In PiD, white matter degeneration and demyelination was mainly located in the frontal and temporal lobes and associated with distal white matter areas in gyri with severe cortical and white matter s pathology (Fig. 2, arrows) . Areas with intact white matter had less severe cortical and white matter s pathology (Fig. 2, arrowheads) . Abnormal s-containing axons with a spiral-shaped pattern prevailed in the white matter. The white matter arteries in these areas often exhibited slightly enlarged perivascular spaces and a thickening of the lamina adventitia as signs of SVD (Fig. 3) . The SVD-altered vessels were predominantly found in those parts of the cerebral white matter that showed white matter degeneration and severe cortical s pathology (Fig. 3) .
Coexisting AD pathology in FTLD-tau Cases with AGD showed higher phases of Ab plaque pathology, NFT stages, CERAD scores for neuritic plaque frequency, and higher degrees of AD pathology according to the NIA-AA guidelines for neuropathological diagnosis of AD than control cases but lower levels in comparison with pure AD cases ( Fig. 4; Supplementary Table 1b, c) . The phases of Ab plaque pathology, NFT stages, CERAD scores, and the NIA-AA degrees of AD pathology did not differ between PSP, CBD, PiD, and healthy controls but were lower than those of pure AD cases ( Fig. 4 ; Supplementary Table 1b ).
Age spectrum of FTLD-tau cases
The four different forms of FTLD-tau differ in their distribution of age at autopsy (Fig. 5) . PiD cases were youngest in mean age followed by CBD, PSP, and finally AGD (Supplementary Table 1e ). PiD cases were most frequently younger than 70 years of age at death (mean 63.11 years, range 53-74 years). Only one PiD case in our cohort (11.1 %) was older than 70 years of age (74 years). CBD cases were 52-86 years at death with most cases being aged between 60 and 80 years (mean 69.53 years). PSP cases were distributed most frequently between 60 and 90 years at death (mean 75.61 years, range: 59-92 years) whereas AGD had the highest age at death spectrum of these four types of FTLD-tau (mean 81.2 years, range 62-98 years). The age spectrum of AGD was similar to that found in AD cases (mean 81.58 years, range 56-101 years). Non-diseased controls were 18-99 years of age (mean 68.88 years). ANOVA revealed significant differences between the four types of FTLD among ages confirming a ranking of the FTLD-tau types by increasing age as given by the respective mean age: 1 PiD, 2. CBD, 3. PSP, and 4. AGD (''Statistical analysis'': Supplementary  Table 1e ).
FTLD-tau pathology in non-diseased control cases
In our non-diseased control cases, we observed FTLD-tau lesions (argyrophilic grains restricted to the medial temporal lobe, coiled bodies in oligodendrocytes, and s-positive astrocytes) (Fig. 6a-d ) in addition to AD-related plaque and NFT pathology, vascular lesions, and vessel pathology. The prevalence of these FTLD-tau lesions in non-diseased individuals increased with age in parallel with that of AD pathology as defined according to Hyman et al. (2012) (Fig. 6e) . Morphologically, the pattern exhibiting argyrophilic grains, coiled bodies, and s-positive Table 1 Frontotemporal lobar degeneration FTLD-tau 1011 astrocytes fitted best with the pattern described for AGD (Botez et al. 1999; Braak and Braak 1987; Tolnay et al. 2003 ) not exceeding the medial temporal lobe corresponding to AGD-stage 1 according to Saito et al. (Saito et al. 2004 ) and did not fulfill the criteria for PART (Crary et al. 2014) . To distinguish non-diseased cases exhibiting argyrophilic grains, coiled bodies, and s-positive astrocytes from pure PART and p-preAD cases, we will refer to them here as cases with FTLD-tau-related pathology. FTLD-taurelated pathology was found in 10.9 % of p-preAD, 9.6 % of PART cases, and in 4 % of the non-p-preAD, non-PART controls (Table 3) . 27.8 % of all non-diseased controls in our sample matched the criteria for definite PART, 58.8 % that of p-preAD.
Discussion
The major findings of this study are: (a) the types of FTLDtau have different age spectra with PiD occurring usually earlier than other types of FTLD-tau followed by CBD, PSP, and finally AGD; (b) AGD is associated with ADrelated lesions but not with PSP, CBD, and PiD; (c) FTLDtau-related pathology can occur in neurologically (Dickson 1998 ) is associated with a SVD-like thickening of the adventitia of local arteries in regions of the brain with severe s pathology. These findings give rise to the speculation that age as well as vascular pathology and ADrelated lesions may have influence on the pathological manifestation type of non-AD tauopathies. In detail, our findings showed that age at death differed among the FTLD-tau types PiD, PSP, CBD, and AGD with 50-70 years in PiD, 60-80 years in CBD, 60-90 years in PSP, and 70-90 years in AGD. This sequence fits with that of the reported ages of onset (PiD 57 years, CBD 63 years, PSP 65-69 years, AGD 80 years) (Dickson and Litvan 2003; Kovacs et al. 2013; Shiarli et al. 2006) .
Since AD pathology, vessel pathology, and vascular lesions increase with advancing age (Braak et al. 2011; Thal et al. 2012) , these pathologies may influence or modulate non-AD tauopathies in its pathological pattern. In PiD, we observed severe SVD-like lesions in association with areas of demyelination in the frontal and temporal cortex whereas parietal and occipital cortex areas were spared. Cases with PiD had higher SVD stages than ageand gender-matched control cases. However, similar degrees of SVD-related vessel wall thickening in older individuals were not necessarily associated with PiD-like severe white matter demyelination in control brains. Fig. 3 Regional differences in Pick's disease-related white matter demyelination. a Leukoencephalopathy in a PiD case with matter demyelination (arrows) in the frontal cortex. b In the medial temporal lobe of the same case there was no demyelination. c At a higher magnification level the frontal cortex (boxed area in a) showed severe damage near areas of demyelination (arrows). d The entorhinal cortex (boxed area in b) of the same case showed mainly intact lamination and no areas of demyelination. e High power view on an artery in the demyelination area (boxed area in c) exhibited thickening of the adventitia and its basement membrane as well as focal fibrosis of the lamina media (arrows). f White matter vessels in the entorhinal white matter did not exhibit such changes in the vessel wall. a-f Case: PiD, 65 years of age, male. Ab phase 0, Braak-NFT stage II, CERAD score 0, no infarcts, no hemorrhage. Calibration bar in b valid for a, b 2.6 mm; c, d 500 lm; e, f 35 lm
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Accordingly, it is tempting to speculate that white matter degeneration and demyelination in PiD is triggered by severe cortical s pathology which leads to axonal degeneration (Englund 1998; Leys et al. 1991) . This hypothesis is supported by the close association of white matter demyelination with local s pathology. SVD in PiD cases, thereby, may be discussed either as a prerequisite required for the clinical manifestation of PiD or as a result of s-or PiD-derived white matter pathology. AGD, PSP, and CBD cases did not show such an association between leukoencephalopathy and s pathology in our study. Since PiD cases exhibit a significant axonal s pathology (Braak and Braak 1998b; Probst et al. 1996) in contrast to AGD, PSP, or CBD cases, the PiD-related axonal tauopathy appears to be critical for the severe leukoencephalopathy seen in PiD. Although SVD was found in all four types of FTLD-tau and in AD, no PiD-like leukoencephalopathy was seen either in AGD, PSP, CBD, or AD. Less severe leukoencephalopathic changes are well known in AD cases (Brun and Englund 1986; McAleese et al. 2013 ), but until today could not clearly be related to tauopathic lesions. Other vascular lesions were not associated with FTLD-tau in our sample confirming the findings of other authors (Kovacs et al. 2013; Toledo et al. 2013) . AD-related Ab plaques, NFTs, CAA, as well as the NIA-AA degrees of AD pathology were as expected highest in AD cases and differed significantly from those in AGD, PSP, CBD, and PiD. AGD exhibited higher levels of Table 1 AD pathology than healthy controls whereas that of PSP, CBD, and PiD did not differ from that of non-demented controls. As such, our results confirm previous reports that AGD-related dementia is linked to increased levels of AD pathology and in this way AGD appeared to lower the threshold for AD pathology to cause dementia (Josephs et al. 2008; Thal et al. 2005) . However, single cases with severe or mutation-triggered AGD are reported to develop dementia in the absence of AD-related changes (Kovacs et al. 2008; Saito et al. 2004) . No additive role for the development of dementia was found between AD pathology and PSP, CBD, and PiD. Since AGD is a FTLD-tau form of the advanced age, and since the extent of AD pathology increases with age (Braak et al. 2011) , it is tempting to speculate that a certain degree of AD pathology contributes to the development of symptoms in AGD as (Hyman et al. 2012) ] in non-diseased individuals. f In parallel the prevalence of symptomatic AD cases in our entire sample increased with age whereas that of symptomatic FTLDtau slightly varied between *16 and *24 % without a major agerelated increase. Calibration bar in a valid for a 20 lm; b, c 13 lm; d 30 lm previously shown (Josephs et al. 2008; Thal et al. 2005) while this is not the case for the FTLD-tau diseases with an earlier onset, i.e., PSP, CBD and PiD. Finally, our study showed FTLD-tau-related pathology in non-diseased individuals. For AD, AD-related pathology in non-demented individuals indicates preclinical AD (Dubois et al. 2007; Sperling et al. 2011; Thal et al. 2013) . Accordingly, it is very likely that FTLD-tau-like lesions such as argyrophilic grains, oligodendroglial coiled bodies, and s-positive astrocytes comprise changes of preclinical FTLD-tau. As it is well known that these lesions can occur in all types of FTLD-tau including rare forms of tauopathies (Braak and Braak 1998a; Dickson and Litvan 2003; Dickson et al. 2011; Hauw and Agid 2003; Kovacs et al. 2011; Mackenzie et al. 2010) , it is difficult to distinguish which type of FTLD-tau is represented by these lesions. However, the age-related increase of FTLD-tau lesions in non-diseased individuals would fit on the basis of its distribution pattern best with AGD, which is frequently seen in advanced age (Braak and Braak 1998a; Thal et al. 2005; Tolnay et al. 1997 ) as well as with the report on non-AD tauopathic lesions in the occipital and temporal cortex (Pikkarainen et al. 2009) . A further argument for FTLDtau-related pathology in non-diseased elderly is our descriptive finding that the distribution of these lesions is restricted to the medial temporal lobe with a pattern that has been described as an early stage of AGD pathology (Saito et al. 2004) . In doing so, this FTLD-tau-related pathology in non-diseased elderly represents an initial stage of the respective pathology. Non-AD NFT-s-lesions in non-demented individuals have recently been termed PART (=primary age-related tauopathy), were related to NFT-predominant dementia but were different from preclinical AGD-, CBD-, PiD-, and PSP-FTLD-tau changes (Crary et al. 2014) .
In summary, this study shows that FTLD-tau disorders vary in their association with AD and vascular lesions and that age may play a role in the association of AGD with AD lesions. The association of PiD with SVD-like vessel pathology and white matter demyelination may point to a possible link between vessel pathology, white matter demyelination, and s pathology in PiD. As such, our results suggest that age, vascular, and AD-related copathology may impact the morphological appearance of FTLD-tau.
